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Abstract 
	  
During the last decades, researchers have done extensive research on one-dimensional 
structures because of their promising properties for a broad range of applications. However, 
there are a few factors slowing down the process of integrating these nanowires in 
commercial products. To overcome this, new material combinations are being explored. This 
thesis focuses on the investigation of in situ MOVPE formation of tin seeds on indium 
antimony substrates for growth of indium antimonide nanowires. The effects of varying 
growth conditions such as growth temperature, growth time and tin source flow have been 
studied along with attempts to grow Sn-seeded InSb nanowires. From the Sn particle 
experiments, the possibility to control the particle diameter and density on InSb(111)A-type 
substrate was shown by varying the growth conditions. Successful Sn-seeded InSb nanowires 
were grown with two different morphologies; triangular and hexagonal base morphologies.  
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1 Introduction 
	  
In 2014, the global semiconductor industry reached a sale record of over 335 billion USD, an 
increase of extraordinary 9.9% compared to 2013 [1]. The demand for faster, smaller and high 
functionality electronic devices shows no implication of ceasing, pushing scientists to 
innovative and groundbreaking research. Along with the obvious advantages of using less 
material by decreasing the device size, miniaturized versions of large macroscopic devices 
have shown characteristics which differ from their macroscopic versions. Objects with 
nanoscale dimensions have a larger surface to volume ratio, increasing reactivity and 
sensitivity to small electrical changes in the environment. Additionally, objects at an atomic 
level start to disobey the laws of classical physics and quantum effects occur. These changes 
of materials’ properties in the nanoscale regime have intrigued many scientists to conduct 
extensive research during the past decades. The reasons behind the enormous interest in 
nanotechnology is driven by the desire of obtaining a greater understanding of how nature 
works at an atomic level and to use that knowledge, but also because for a broad variety of 
possible nanoscale applications.  
Nanowires are one-dimensional objects with a diameter less than 100 nm. III-V 
semiconductor nanowires are nanowires made of group III and group V elements and they 
have an electrical conductivity, which can be controlled and modified. These III-V nanowires 
have shown promising characteristics for applications within the fields of photodiodes, field 
effect transistors and quantum devices [2]. Assuming that the final goal of this extensive 
research is to commercialize nanowire devices, many new material combinations and 
fabrication processes need to be explored and studied in order to fabricate and develop 
nanowire devices with improved functionalities.  
In this project, a new way of fabricating InSb nanowires (nanowires made of Indium and 
Antimony) is investigated. InSb is an interesting semiconductor material due to the small 
band gap and high electron mobility suitable for infrared, wireless communication technology.  
 
1.1 Nanowires 
	  
Nanowires can be grown either by using a nanoparticle as a seed or by patterning a certain 
area of the substrate for the nanowires to grow on. When combining smaller components or 
atoms to create larger objects it’s called a bottom-up approach. There are several bottom-up 
approaches for growing nanowires including selective area, self-seeded and metal seed 
catalyst techniques. The selective area technique is based on masking of the substrate leaving 
a pattern for the nanowires to grow, see Fig 1 a). This allows for fine tuning of nanowire 
density but unwanted lateral growth is hard to avoid and the resulting nanowires often have 
poor crystal quality [3]. Self-seeded V-III nanowires are using the group III metal as a seed 
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making it possible to avoid incorporation of impurities from a foreign seed particle. 
Unfortunately, some material from the seed particle may be incorporated into the nanowire if 
conditions are not tuned perfectly, resulting in cone-shaped nanowires, see Fig 1 b) [4]. The 
metal seed catalyst technique is the most common technique where a foreign metal seed is 
formed or deposited on the substrate and the nanowire growth occurs at the interface between 
the seed particle and substrate, see Fig 1 c). The benefit of using foreign seed particles are the 
high growth flexibility and controllability [3].  
 
Figure 1. The figure shows schematic pictures of three different nanowire fabrication techniques. The pictures to 
the left show the initiation of the nanowire growth by either a pattern (squares) or seed particles (spheres) and the 
pictures to the right show the resulting nanowires. The three pictures represent a) selective area technique, b) 
self-seeded technique and c) metal seed catalyst technique.    
Conventionally, gold has been used as seed particle for the foreign seed catalyst technique 
mainly because it works very well for various material systems such as InAs, GaAs, InP, and 
InSb. However, there are some factors limiting the possibility to efficiently use gold for large 
scale fabrication of nanowires. First, gold is generally not compatible with conventional 
silicon electronics since it affects the performance due to formation of mid-gap electronic 
states. Secondly, gold contamination is very difficult to remove from fabrication equipment. 
Thirdly, the price of gold is high making it difficult to satisfy the market’s demand for cheap 
electronics [3]. This results in a high demand for an alternative seed particle which is 
compatible with the silicon industry and has an affordable price. For this purpose materials 
such as Cu [5], Al [6], Ag [7], and Sn [8-9] have been investigated. Among these materials, 
successful results of Sn-seeded SiO2 nanowires have been reported by Zamchiy [8] and Sn-
seeded GaAs nanowires by Rong [9] making tin a promising seed material to investigate for 
InSb nanowires. Additionally, tin is a more abundant element on the earth than gold and has a 
much lower price (tin 15.9 USD/kg [10] vs gold 39 500 USD/kg [11]). Up to date (June 2015) 
tin seeded InSb nanowires have not been reported. 
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1.2 Indium antimony 
	  
Indium antimonide is an interesting semiconductor material due to its small direct band gap of 
0.17 eV at 300 K, it is in fact the smallest of all III-V materials. The effective mass of 
electrons decreases with decreasing band gap giving InSb very high electron mobility ((7.7 
*104 mCV-1s-1) [12]. These properties make InSb suitable for various electronic applications 
such as photodiodes, field effect transistors and quantum devices [3][13-14]. 
All crystals consist of atom that are ordered in various crystal structures, where the lattice 
constant is the shortest distance between two neighboring atoms. Bulk InSb crystallizes in 
zinc blende structure with a sequence stacking of three alternating layers ABCABC… Zinc 
blende consists of two FCC unit cells, one of indium and one of antimony and the two FCC 
unit cells are shifted (¼, ¼, ¼) from each other. To create an InSb (111) surface, the crystal is 
either cleaved along the <111> direction, creating a surface terminated by indium called A-
type or along the <-1-1-1> direction, creating a surface terminated by antimony called B-type 
[15-16].  
Antimony has five valence electrons and when terminated on a surface three of them are 
bound to other Sb atoms while two are free to interact with the ambient. Indium has three 
valence electrons forming a vacancy when terminating a surface. The B-type wafer is more 
active and prone to react with other molecules than the A-type according to Sareminia et al 
[16]. Because of the dangling bonds of the A and B surfaces an oxide form when the material 
is subjected to air, the oxide is often Sb2O3 or Sb2O5.  
 
1.3 Tin 
	  
Tin is a group IV element with a tetragonal crystal structure. It acts as an amphoteric dopant 
in binary semiconductors, meaning that when forming a substitutional alloy with a group III 
element it acts as an electron donor and when alloying with a group V element it acts as an 
electron acceptor. Tin has a melting temperature of 232ºC and a boiling temperature of 
2602ºC at atmospheric pressure. Under these conditions, nanowire growth with a particle in 
liquid phase (vapor-liquid-solid growth) is possible since InSb nanowire growth is most 
probably conducted above 232ºC. Tin has a very low vapor pressure and therefore 
evaporation once deposited is very unlikely [17].  
 
1.4 Aim of the project 
	  
Foreign metal seed particles for nanowire growth can be achieved either by ex situ deposition 
of those particles such as aerosol particles or by in situ formation of particles on a substrate. 
	   	  4	  
In situ approach offers several advantages such as reducing the number of processing steps 
(more time efficient) as well as avoiding contaminations and oxide formation. To achieve 
these in situ formed particles, a well-studied method is epitaxy which means that material 
from the ambient interacts with the crystal substrate and starts to form layers or particles. 
More specifically metalorganic vapor phase epitaxy (MOVPE) can be used, offering high 
controllability of the growth conditions. The deposition of material on a foreign substrate is 
dependent of the surface energies of the constituent materials. These energies are determined 
by the chemical potential of the environment and Kondo et al have chosen conditions 
resulting in formation of Sn layers on InSb [18]. By changing for example the temperature we 
hope to have chosen conditions resulting in formation of Sn particles instead of layers. 
Growth of epitaxial InSb nanowires have been reported on substrates of GaAs [19], InP [20] 
and InAs [21]. However, direct nucleation of InSb nanowires on these substrates have proved 
to be challenging since the particles tend to be pushed around on the substrate. When growing 
these heterostructures, a stem of the same material as the substrate has been grown prior to the 
InSb growth to decrease the strain induced by the mismatch in lattice constants [2][22]. Using 
a stem can cause growth limitations and defects to the InSb nanowires. Therefore we have 
chosen to use InSb substrates to attempt direct nucleation of InSb nanowires.  
Consequently, the aim of this study is first to investigate formation of Sn seed particles on 
InSb(111)A and B-type substrates in situ MOVPE by studying variations of growth 
parameters such as growth temperature, growth time and Sn source flow rate. Following 
determination of suitable growth conditions for Sn particle formation, attempts of growing 
Sn-seeded InSb nanowires will be conducted.   
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2 Theory 
	  
2.1 Properties of semiconductors 
  
Electronic properties of materials are often referred to as conducting, insulating or 
semiconducting depending on how the electrons occupy energy levels within the material. 
The valence band is the highest energy band filled by electrons and the conduction band is the 
energy band where no states are occupied by electrons. Between the conduction and valence 
band there is a band gap where no electrons can exist. A material is conducting when 
electrons are not bound to a specific atom but can move freely in the sample, which is only 
possible if some electrons are in the conduction band. Metals have overlapping valence and 
conduction bands and electrons can therefore move freely in the sample making the material 
conducting. An insulator has a large band gap making it impossible for electrons to be present 
in the conduction band and the material is therefore non-conductive. A semiconductor is a 
material in which the band gap is small enough for electrons to be excited from the valence 
band to the conduction band if enough energy is supplied, thus becoming conductive. 
Different semiconductor materials have different band gap energies making them suitable for 
various purposes. By introducing impurities or dopants to the material new energy levels can 
be created, making it possible to modifiy the conductivity of the material. By carefully 
engineering the electrical properties of semiconductors effective and sensitive electronic 
devices can be produced.  
	  
2.2 Kinetics and thermodynamics of nucleation 
	  
Crystal growth by MOVPE is a non-equilibrium process where the higher chemical potential 
of the supplied precursors in the vapor phase (compared to the solid crystals) causes epitaxial 
growth on the substrates. The vapor chemical potential can be controlled by varying the 
temperature and pressure of the vapor precursors in comparison to the solid crystal.  
When an atom arriving from the vapor precursors at the surface is adsorbed, it can migrate on 
the surface in a random manner by a series of hops. As such an atom (adatom) diffuses on the 
surface it can either meet other adatoms to nucleate, be incorporated into already existing 
stable nuclei or re-evaporate. The mean length of adatom diffusion 𝜆, on the surface is 
determined by the following equation: 𝜆 = 𝜆!exp  (𝐸! − 𝐸!2𝐾!𝑇 ) 
where 𝜆! is the effective distance of a hop, 𝐾! is Boltzmann’s constant, 𝐸! is the adsorption 
energy barrier and 𝐸! is the diffusion energy barrier. At a high temperature (T), a hopping 
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atom has a short residence time on the surface, however it has more energy and can hop a 
longer distance. The overall diffusion length 𝜆 increases exponentially with 1/T [23]. 
The formation of a stable nucleus from diffusing adatoms is determined by the change of 
Gibbs energy (∆GN), composed of contributions from the negative term volume excess free 
energy (∆GV) and positive term surface excess free energy (∆GS) [24]. Assuming a three-
dimensional nucleation, the surface energy term is divided in two, one corresponding to half 
the surface area of a hemisphere and the other to the surface area of the interface between 
nucleus and substrate. The volume and surface contribution to ∆GN result in the following 
equation: 
∆GN  = ∆GV + ∆GS = -
!!!!! ∆!! 𝑓 + 2𝜋𝑟!𝛾!" + 𝜋𝑟!𝛾!" 
where r is the radius of the nucleus, v is the mole volume of the new phase, ∆g is the change 
in Gibbs energy when creating one mole of new phase. The shape factor f and surface 
energies γ are factors originating from Young’s relation described below. As the size of the 
nucleus grows, it reaches a critical radius (r*) where nuclei with a radius larger than r* 
continue to grow while nuclei with a radius smaller the r* are still unstable [23].  
 
2.3 Growth modes 
	  
As mentioned, Young’s relation describes the relation between the surface energies of the 
different phases of the gaseous ambient, nuclei and solid substrate according to: 𝛾!" = 𝛾!" + 𝛾!"𝑐𝑜𝑠𝜃 
The wetting angle of the nuclei is θ and the surface energies between the ambient/substrate, 
ambient/nucleus and nucleus/substrate are respectively 𝛾!", 𝛾!" and  𝛾!", see Fig 2. The surface 
energies are determined by the intermolecular forces between two surfaces [25]. There are 
three different growth modes depending on the interface energies. We obtain a complete 
wetting of the layer if 𝛾!" is larger than the sum of 𝛾!"  and 𝛾!" and growth proceeds in a 
layer-by-layer manner, referred to as Frank Van der Merve growth. However, if 𝛾!" is larger 
than the sum of 𝛾!"  and 𝛾!" meaning that the growth atoms are more strongly attracted to 
each other than the surface, results in formation of three dimensional islands, this growth 
mode is called Volmer Weber growth. This growth mode is used when forming in situ 
particles. A third growth mode is possible if combining these two growth modes by first 
growing a few 2D monolayers and then changing to 3D island growth, this growth mode is 
referred to as Stranski Krastanow growth [23]. The area of the seed particle and the nanowire 
interface control the diameter of the nanowire thus the shape and volume of the particle 
determine the diameter of the grown nanowire.  
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Figure 2. Particle on substrate where the surface energies between ambient/substrate, ambient/nucleus and 
nucleus/substrate are represented by the vectors 𝛾!"  𝛾!"and 𝛾!". The wetting angle of the particle is represented 
by θ. 
 
2.4 Ostwald ripening 
	  
Atoms on a surface are more energetically unstable than those within a particle or bulk. Large 
particles with a lower surface to volume ratio have thus lower energy than small particles 
have, locally affecting the vapor pressure. Driven by these local differences in vapor pressure, 
the system strives to lower its overall energy causing atoms from the surface of smaller 
particles to desorb into the vapor and be incorporated into nearby larger particles. This well-
known thermodynamically driven process is called Ostwald ripening. Over time the 
suppression of small particles in favor of larger particles results in a narrower size distribution 
and increased particle diameter [12][18].  
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3 Experimental details 
	  
3.1 Growth technique 
	  
Epitaxy is a method when material from the ambient is deposited on a substrate and in a 
highly ordered manner forming crystals. Epitaxy allows high controllability of the thickness 
of the deposited layers. In some cases, the crystal growth is faster on certain preferential sites 
than as a layer, resulting in nanowires. One way of fabricating metal-seeded semiconducting 
nanowires is to use a metalorganic vapour phase epitaxy (MOVPE) technique, a schematic 
figure of the system is shown in Fig 3. Additionally, MOVPE is a technique with a high 
throughput which can be used for industrial scale purposes.  
MOVPE is a non-equilibrium process where the driving force is the difference in chemical 
potential between the input vapours and the solid crystal. The constituent metal or 
semiconductor elements for the growth are required to decompose easily but still be stable 
enough for storing when not being used. The constituents are bound to organic ligands 
forming a liquid state metalorganic complex stored in a pressure and temperature controlled 
container, a so-called bubbler, see Fig 3. The metalorganic sources are often referred to as 
precursors. The transportation of precursors to the reaction chamber can be controlled by a 
mass flow controller (MFC) which is situated between the bubbler and the reaction chamber 
[14]. A carrier gas (normally H2 or N2) is injected into the bubbler where the carrier gas 
saturates with the precursor, transporting the material to the reaction chamber, seen to the 
right in Fig 3. Inside the reaction chamber, the substrate is placed on a graphite susceptor and 
the precursors diffuse towards the substrate. At the heated susceptor surface, the precursors 
decompose as an effect of pyrolytic mechanisms. The constituent elements are adsorbed on 
the substrate and incorporated into the growth while the organic ligands and desorbed residual 
material is transported with the carrier gas to the exhaust [23].  
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Figure 3. A schematic picture of a MOVPE system where the arrows indicate the flow of gases. The carrier gas 
saturates with metalorganic precursors inside the bubblers before transporting the material to the reaction 
chamber where the growth occurs.  
Depending on the growth temperature, the epitaxial growth process can either be limited by 
kinetics or mass transport. At very high temperatures when the precursors are fully pyrolysed 
the growth is limited by mass transport but at low temperatures with incomplete 
decomposition of precursors the growth might be kinetically limited. The melting temperature 
of InSb is 525ºC, making nanowire growth above this temperature impossible because the 
InSb substrate would start to decompose. Since the decomposition of the metalorganic 
antimony source (TMSb) is only 50% at around 550˚C the growth window is relatively small 
and the growth kinetically limited [17-18]. Antimony is a tricky element to work with because 
of its surfactant properties. When the precursor decomposes at the surface of the substrate, Sb 
could start to float around without being incorporated into the material and contributing to the 
growth [2].  
The MOVPE equipment used for the in situ particle and nanowire growth of this thesis was an 
Aixtron with a close coupled showerhead (CCS) reactor. The system had a vertical reactor 
with a showerhead source inlet. The susceptor was continuously rotated during growth which 
together with the vertical design ensures uniform supply of source material. The growth was 
carried out in hydrogen atmosphere at 100 mbar reactor pressure with a total reactor flow of 
8L/minute.  
One standard recipe for particle formation and one for nanowire growth were written where 
parameters for growth conditions such as growth time, temperature and source flow could be 
varied. The carrier gas used was H2 and the metalorganic precursors were triethyltin (TESn), 
trimethylindium (TMIn) and trimethylantimony (TMSb). Since InSb form an oxide when 
subjected to air the samples were annealed before the growth to induce desorption of the 
oxide. Wet etching was not performed because it can cause pits in the A-type facet [15-16]. 
Additionally, the reactor chamber was cleaned prior to the growths with hydrogen chloride 
(HCl) etchant followed by indium arsenide (InAs) cover. 
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3.2 Imagine technique 
 
Due to the small sizes of nanoscale structures, thorough analysis requires a microscope with 
very high resolution to image the nanosize details. X-rays and electrons have small enough 
wavelengths and can be used to generate a spectrum or image from which information can be 
obtained. Two of the advantages of using electrons are the facts that they can be focused 
because of their charge and also because it is relatively easy to produce many of them giving a 
strong signal. In this study we have used scanning electron microscopy (SEM), which will be 
described in further detail below. 
Electrons used for the imaging are created from either a thermionic or field emission source 
and to form an electron beam, magnetic lenses focus the emitted electrons. In SEM, a 
narrower electron beam can be achieved by using a higher acceleration voltage. The electron 
beam is scanned over the sample and when interacting with the sample various signals are 
produced. The electrons can either scatter elastically (without losing any energy) or 
inelastically and at a high or low angle. Detectors mounted around the sample catch the 
signals, which are converted into intensity to produce an image. In SEM, the signals normally 
used are secondary electrons (SEs) and back scattered electrons (BSEs).  
SEs are created when electrons from the beam interact with the sample, knocking out 
electrons from the material. The ejected electrons from the sample have a lower energy than 
the incoming electron beam and only the ones close to the surface can escape without being 
reabsorbed in the sample. The resolution is limited by the excitation volume, the volume from 
which secondary electrons can escape the material. If the excitation volume is small, a high 
spatial resolution can be achieved. If the sample has an uneven surface with curves or peaks, 
the area from which SEs can escape is larger resulting in a stronger signal and brighter spot on 
the image. This imaging technique is highly sensitive to edges and surfaces and therefore 
gives a topographical image. BSEs are elastically scattered which means that they have not 
lost any energy when escaping out from within the sample. The fraction of BSEs depend on 
the atomic number of the elements, thus BSEs can be used for determining elemental 
composition of a sample. 
In this thesis, the results of the growth experiments were characterized by SEM. Two different 
microscopes were used, one with a thermal field emission gun (LEO 1650) and one with a 
cold field emission gun (Hitachi SU8010), both operating with an electron beam energy of 15 
kV. Images were taken on various parts of each sample with different magnification to 
provide enough information for statistical analysis of areal density and particle diameter.  
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4 Results and discussion 
	  
We first studied the formation of tin nanoparticles on both InSb(111)A and B-type substrates 
(section 4.2). The influence of the growth conditions on particle formation was investigated 
by varying growth temperature (section 4.2.1), time (section 4.1.2) and TESn molar fraction 
(section 4.1.3). The different series were conducted in a systematic way where one parameter 
was varied at the time.  
The second part of the project was to choose the best particle growth condition from the 
particle study and grow tin-seeded InSb nanowires using such particles directly on the 
InSb(111)A and B-type substrates (section 4.3). 
 
4.1 Edge effects and statistical analysis 
	  
When studying the samples in SEM, some of them showed variations in particle density and 
size depending on the distance to the sample edge. An evident example of what it could look 
like can be seen when studying a nanowire sample in fig 4a) and 4b). In addition to the edge 
effects on density and size of the particles with distance from the edge, variation along the 
edges of the same sample has been observed. For instance fig 4 c) and 4d) show SEM images 
of such nanowires, growing both perpendicular to and along the substrate. It should be 
mentioned that not all the samples showed such behavior. However, to get a representative 
idea of what the majority of the samples looked like, we took images from the middle of the 
sample where no edge effect could be noticed to obtain consistent statistical analysis. The 
particle density statistics is based on four overview images all in the center of the sample.  
The particle diameter measurements were performed on average 15-50 particles per sample. 
Although the average number of particles (for diameter measurements) might seem a bit low, 
we decided that this was enough in consideration to the time consuming work for samples 
with low density. However, not all of the particles measured had a perfectly round shape and 
the noted diameter was approximately between the smallest and largest possible diameters of 
the particle. The error bars of the diameter measurements in section 4.2 were in many cases 
large and could perhaps be explained by the irregular shapes of the particles.  
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 Figure 4. 30˚ tilted SEM images of various parts of a representative sample (nanowire sample). a) low 
magnification SEM image with a clear density gradient b) macroscopic image of the entire sample with a 
contrast difference along the entire edge. c) and d) are images of two edges of the same sample where c) shows 
no nanowires growing perpendicular to the substrate and a density which increases with the distance from the 
edge compared to d) where straight nanowires are shown growing perpendicular close to the edge. 
 
4.2 Tin particle formation on InSb substrates 
	  
First, a temperature series was conducted there the growth temperature was varied from 370ºC 
to 460ºC in intervals of 15ºC while the TESn source flow was set at 180 sccm1 and growth 
time was 15 minutes (section 4.2.1). No particles were observed for temperatures below 
400˚C. 
Secondly, a time series was conducted where the growth time was varied from 5-35 minutes 
in steps of 10 min while the source flow was set at 180 sccm and temperature was 400ºC 
(section 4.2.2).  
Thirdly, a TESn flow series was conducted for four growths where the flow was varied in the 
range of 120, 180, 240 and 300 sccm while the temperature was set at 400ºC and growth time 
was 15 minutes (section 4.2.3). Growth conditions for all particle samples can be seen in 
Appendix A.  
For the temperature, time and tin flow series particles were formed on both substrate types 
(A- and B-type substrates). However, the particle results on the B-type substrates were less 
consistent than A-type substrates and hence harder to interpret. The results of the particle 
formation on the B-type substrate didn’t indicate any kind of trend for either of the conducted 
series and has therefore not been included in detail in all discussions. The reason for such 
behavior could be attributed to the annealing condition and perhaps the used condition (15 
min annealing at particle temperature) was not suitable to remove the native oxide for the B-
type substrates. An indication of the insufficient annealing conditions for the B-type 
substrates can be supported by the fact that when imaging B-type samples in SEM, the 
charging effect which is characteristic for the presence of an oxide, was more apparent than 
on A-type samples.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  1 sccm (standard cubic centimeter per minute) = 7.46 * 10-7 mol/s	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4.2.1 Temperature series 
	  
Figure 5(a-l) show the effect of the growth temperature on particle size and density on 
InSb(111)A and B-type substrates. For A-type substrates (Fig 5 (a-e)) the trends of slight 
increasing particle diameter and decreasing particle density is shown in Fig 6. The increased 
particle size and decreased particle density is reasonable because when elevating temperature 
the diffusion length of the adatoms increases, making the uptake area larger and allowing 
more material to be incorporated into the particle. Additionally, a higher temperature 
increases the rate of decomposition of the metalorganic precursors supplying more material to 
the particle formation.  
 
 
A type 
 
B type 
 
400˚C        415 ˚C               430˚C                445˚C      460˚C 
Figure 4. Top view SEM images of tin particles grown with increasing temperature from 400-460˚C. The first 
row a)-e) show tin particles on InSb(111)A-type substrate and the second row g)-l) show tin particles on 
InSb(111)B-type substrate.  
Since the decrease in particle density seen in Fig 6 is so large, in fact the total volume of 
deposited material on the substrate seem to have decreased. The increase in particle size due 
to a larger uptake area is not large enough to explain the decrease in density. A possible effect, 
which could lead to a decrease in overall deposition of material, could be evaporation from 
the surface. In bulk tin, it is known that the vapor pressure is very low [17]. At a 
representative pressure of 100 mbar (which is the pressure of the reactor chamber) bulk tin 
evaporates at temperatures above 2000˚C which is far off the temperatures used in these 
experiments, making the decrease in density a result of increased evaporation highly unlikely. 
No explanation of the decrease in total material deposited can be argued without further 
experimental study. 
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Figure 6. The figure displays a graph of particle density (squares) and particle diameter (triangles) as a function 
of increased temperature.  
 
4.2.2 Time series 
	  
The effect of increased Sn particle growth time (5-35 min) on InSb(111)A-type substrate is 
shown in Fig 7(a-d). As the growth time increases, slightly larger particles seem to form (Fig 
8). This could be explained by a combination of longer growth time (more supplied material) 
and also the Ostwald ripening effect where material from smaller particles will be 
incorporated into the larger particles. The particle density trend is somewhat hard to interpret 
(Fig 8) due to the large standard deviations (shown by error bars). From the shown SEM 
images (Fig 7 (a-d)), we can see that Fig 7 a) is not representative for the trend shown in Fig 8. 
Disregarding the first density point in Fig 8, it seems like the density of the particles decreases 
by increasing the growth time (related to the Ostwald ripening effect) whereas the overall 
volume of the deposited material increases over time.  However, more experiments with 
longer growth times are required to understand the observed trends.  
 
Fig 7. Top view SEM images of tin particles grown on InSb(111)A-type substrate with increasing growth time.  
a) 5 min, b) 15 min, c) 25  min and d) 35 min. 
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Figure 8. The figure displays a graph of particle diameter (triangles) and particle density (squares) as a function 
of increased growth time. 
 
4.2.3 TESn flow series  
	  
The results of the TESn flow series for particle formation on InSb (111) A-type substrate can 
be seen in Fig 9. Increased TESn flow seems to favor formation of larger particles. When 
increasing the Sn flow more source material is present in the system which could explain the 
increase in particle diameter. The diameter trend seems to increase linearly with respect to the 
TESn flow (Fig 10), making it an interesting parameter to vary when high controllability of 
particle size is important. The density trend seems to decrease when increasing the TESn flow. 
However, considering the large standard deviations of the two lowest flow rate data points, no 
clear trend can be extracted.   
 
Figure 9. Top view SEM images of tin particles on InSb(111)A-type substrate. From the left in the series the 
TESn flow is increased in four steps of 60 sccm from 120 to 300 sccm. 
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Figure 10. The figure displays a graph of particle diameter (triangles) and particle density (squares) as a function 
of TESn flow. 
 
 
4.3 Tin seeded InSb nanowire growth on InSb substrates 
	  
In order to grow Sn-seeded InSb nanowires, the Sn particle formation selected was those 
particles formed at a temperature of 400ºC, TESn flow of 180 sccm for 15 minutes. After the 
particle formation, the nanowire growth was immediately started. InSb nanowires were grown 
at the same temperature as the particle growth with a V/III ratio of 25.18. Three growth runs 
were conducted where growth temperature and growth time were varied, as shown in 
Appendix A. 
Flowing TMIn and TMSb precursors for 60 minutes at the temperature of 417˚C resulted in 
InSb nanowires, see fig 11. No nanowires were found on InSb(111)B-type substrate. 
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Fig 11. 30o tilted SEM images of Sn-seeded InSb nanowires grown on InSb(111)A-type substrates a) taken in the 
middle of a sample and the inset shows high-magnification SEM image of one of those nanowires, indicating 
triangular base morphology. b) taken close to an edge of the sample. The inset shows high-magnification SEM 
image of one of those nanowires, indicating hexagonal base morphology.  
Figure 11 shows 30˚ tilted SEM images of the Sn-seeded InSb nanowires grown on 
InSb(111)A-type substrates. The first overview image Fig 11 a) is taken in the middle of the 
sample and the inset shows high magnification SEM image of one of those nanowires, 
indicating a triangular base morphology. The second overview image Fig 11 b) is taken from 
close to the edge of the sample and the inset shows high magnification SEM image of one of 
those nanowires, indicating hexagonal base morphology. The yield of nanowires growing 
perpendicular to the substrate seems to be higher in the middle of the sample than near the 
edges. In addition to the hexagonal base nanowires, epitaxial growth along the substrate in 
three different growth directions is present near the edges as well, see Fig 11 b). Detailed 
crystal structure analysis is required to precisely determine growth directions of such 
nanowires. The insets of Fig (11a and b) show that the seed particles are not perfectly round. 
The composition of such particles can be determined by doing chemical analysis with energy 
dispersive X-ray measurements (EDX). EDX analysis on the nanowires could also tell us if 
Sn is incorporated into the nanowire acting as a natural dopant.  
We also studied the growth rate of Sn-seeded InSb nanowires by doing a time series with 0, 
15 and 60 min nanowire growth time. Figure 12(a-c) show SEM images of the nanowire 
growth time series, indicating that the particle diameter of the 60 min grown sample (Fig 12c) 
is much larger compared to the corresponding particle sample (Fig 12a). This indicates that 
the composition and volume of Sn seeds changes during the nanowire growth process. The 
density is similar for 12 a) and c) but seems to be higher for 12 b). The reason for this could 
be variation within different sample runs, unable to have good enough reproducibility of 
particle formation.   
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Figure 12. 30˚ tilted SEM images on Sn-seeded InSb nanowires on InSb(111)A-type substrate. The images show 
a series where the nanowire growth time is increased from a) 0 minutes (only particle formation) to b) 15 
minutes to c) 60 minutes. 
	  
4.4 Future outlook 
	  
In this thesis only a very brief study of Sn-seeded InSb nanowire was performed and a 
complete study of the nanowires should be conducted to be able to fully analyze their 
characteristics. As a suggestion it would be interesting to study the nanowire formation at 
different temperatures and V/III ratios to see how the yield and morphology is affected. If it is 
possible to optimize the growth conditions for the Sn-seeded InSb nanowires to make them 
longer, one could study their electrical properties as well. If longer nanowires can be achieved, 
one could also study the chemical composition of the seed particles and nanowires. With 
TEM analysis it would be interesting to study the crystal structure of the nanowires and to see 
whether they are defect free or not. Using TEM one could also investigate if there is a 
difference in crystal structure and defect density between the triangular and hexagonal base 
morphology nanowires.   
Since the Sn particle formation on InSb(111)B-type substrates formed but with a strange 
appearance one could study the particle formation after alternative oxide removal procedure, 
for example wet etching followed by thermal annealing. However, wet etching would 
probably cause pits in the A-type facet, which means that the A and B-type facets might need 
two different oxide removal procedures. 
Another idea could be to investigate if other materials such as aluminum or zinc could form 
particles on InSb substrates and be used as a seed material for InSb nanowires.  
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5 Conclusion 
 
In this bachelor project, it has been shown that in situ MOVPE Sn particles can successfully 
form on InSb(111)A-type substrate with the possibility to control particle size and particle 
density by varying growth conditions such as growth temperature, growth time and Sn source 
flow. The particle diameter increases with increased temperature, time and tin source flow. 
The particle density decreases with increased temperature but the effects of increased growth 
time and tin flow were difficult to interpret and further investigations should be conducted 
before any conclusion can be made.  
In addition to the Sn particle formation, Sn-seeded InSb nanowires on InSb(111)A-type 
substrate were successfully grown without the need of a stem. The InSb nanowires had two 
different morphologies; triangular and hexagonal base morphologies. The triangular 
nanowires were found in the middle of the sample and hade a higher yield of nanowires 
growing perpendicular to the substrate than the hexagonal nanowires growing near the edge of 
the sample.  
This project has been a successful start on the Sn-InSb material combination indicating a 
promising future for the investigation of new seed materials for InSb nanowires. 
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Appendix A 
 
Sn-particles: 
Temperature sweep     
Growth temperature [˚C] Growth time [min] TESn flow [µmol/min] 
370 900 3.60E-03 
385 900 3.60E-03 
400 900 3.60E-03 
415 900 3.60E-03 
430 900 3.60E-03 
445 900 3.60E-03 
460 900 3.60E-03 
 
Sn-particles: 
Time sweep     
Growth temperature [˚C] Growth time [min] TESn flow [µmol/min] 
400 300 3.60E-03 
400 900 3.60E-03 
400 1500 3.60E-03 
400 2100 3.60E-03 
 
Sn-particles: 
Flow sweep     
Growth temperature [˚C] Growth time [min] TESn flow [µmol/min] 
400 900 2.30E-03 
400 900 3.60E-03 
400 900 5.00E-03 
400 900 6.30E-03 
 
Sn-seeded InSb-  
nanowire growth 
   
Growth temperature [˚C] Growth time [min] TMIn flow TMSb flow 
400 15 1.9E-03 4.8E-02 
417 15 1.9E-03 4.8E-02 
417 60 1.9E-03 4.8E-02 
 
